Abstract: A rust disease caused by Puccinia acroptili P. Syd. & Syd. occurs throughout the range of Russian knapweed (Rhaponticum (syn. Acroptilon) repens), including North America. Differences in teliospore dimensions had been observed previously, but not quantified, between a specimen of P. acroptili from Turkey and one from the United States of America (USA). Similar differences were found during a recent evaluation of P. acroptili for biological control of R. repens in the USA; e.g., teliospores from eight USA isolates were 2.4 µm shorter (P = 0.05) than four isolates from Eurasia (two from Turkey, and one each from Russia and Kazakhstan). This inspired the generation of additional biological and DNA sequence data to clarify the significance of these differences between USA and Eurasian isolates. Although the USA isolates were found to have shorter teliospores, as noted in the description by Savile, teliospores of the USA isolates were also significantly wider in diameter than isolates from Eurasia; the latter in contrast to Savile's observation. Biologically, the isolates were the same; all were equally aggressive in causing disease under common greenhouse test conditions, and fertile crosses occurred between isolates regardless of source. DNA sequence analyses of the nuclear rDNA large subunit and internal transcribed spacer regions supported the notion that P. acroptili is a single species, but it also revealed that small levels of variation may exist within the species. For these reasons, it has been concluded that USA and Eurasian accessions can be considered a single species, i.e., P. acroptili. Also, Savile's observation about differences in spore dimensions is substantiated.
Introduction
Puccinia acroptili P. Syd. & Syd. (Pucciniales, Basidiomycota) is the causal agent of a rust disease of Russian knapweed, Rhaponticum repens (L.) Hidalgo (syn. Acroptilon repens (L.) DC.), Asteraceae, tribe Cardueae. Russian knapweed, which is native to Mongolia, western Turkestan, Iran, Turkish Armenia, and Asia Minor (Moore and Frankton 1974) , is diseased by P. acroptili most likely wherever the host occurs, including western North America (Bruckart et al. 2006; Cummins 1978; Dugan and Carris 1992; Mortensen and Molloy 1989; Palm and Vesper 1991; and Savile 1970b) . Although diseased plants are common in North America, the effect of P. acroptili on density of Russian knapweed has not been tested. Considering the abundance of R. repens in North America, it is apparent that P. acroptili is not causing reduction in densities of R. repens (Mortensen and Molloy 1989; Mortensen et al. 1991) . For this reason, evaluation of foreign acquisitions of P. acroptili on USA Russian knapweed was made to determine if more aggressive isolates might be available for biological control.
Variability within P. acroptili was noted earlier by Savile (1970b) , who reported that teliospore dimensions of two isolates used in his description were different, i.e., the single Turkish specimen had both longer and wider teliospores than those of the single specimen from California, USA (a third specimen did not have teliospores). As a consequence, Savile postulated that the rust in the USA resulted from a single introduction with a limited gene pool. During the present evaluation, differences in spore dimension similar to those noted by Savile (1970b) were found between USA isolates and those from Eurasia, i.e., from Turkey, Russia, and Kazakhstan. Thus there was opportunity for a more thorough investigation into the significance of differences reported by Savile, and additional data were collected to determine if isolates from Eurasia and the USA were the same or not. Fungal biology, aggressiveness, teliospore morphology, and DNA sequence data, were analyzed for these comparisons. The objectives of this study were to compare USA and Eurasian isolates for similarity and distinction, and to determine if differences might be important in considerations concerning the Russian knapweed rust for biological control.
Materials and methods

Isolates
Thirteen isolates of Eurasian and USA origin were included in this study (Table 1; Bruckart et al. 2010) . Inoculum was received from the various locations as viable urediniospores on dried leaf material, except for two, nonviable New Mexican herbarium specimens that were used solely for DNA analysis. Material from original shipments was stored in an ultra-cold (-80°C) freezer, and the remainder of each accession was used for artificial inoculation to increase spores. Urediniospores from greenhouse inoculations were stored either frozen (-80°C) or under refrigeration (4°C). All teliospores were stored on dried leaf material either at room temperature or under refrigeration. Voucher material for each accession was deposited in the U.S. National Fungus Collections, BPI (Table 1) .
Measurements
Urediniospores and teliospores were measured using a Nikon Eclipse 80i microscope equipped with a DS-L1 camera and a flat screen monitor. Software enabled on-monitor measurement of objects in the field of view, calibrated for each level of magnification. Spores were mounted on slides with a drop of lactophenol containing 1% aniline blue, and each slide was heated gently until spores were turgid (Savile 1970a) . Urediniospores were measured for length and width. Teliospores were measured for length, width, and "waist", i.e., the diameter of the wall between the cells.
Data were analyzed using Proc GLM in SAS (SAS Institute, Cary, N.C., USA). Probabilities for differences between least-squares means were generated using the PDIFF option, and means were considered significantly different only if P ≤ 0.05. Confidence intervals (CI, P = 0.05) were also generated for certain mean values. SAS Proc CORR was used to determine if there was correlation between teliospore width and length, and Proc GLM was used to generate a model to describe that relationship.
Inoculations, biological measures, and crosses
All inoculations involved Russian knapweed plants grown from seed collected near Galatea, Colorado, USA. Plants were started in vermiculite and transplanted at the cotyledonary stage into an artificial greenhouse soil mix in 10-cm clay pots. Seedlings and young plants were monitored for fungus gnats and shore flies, in particular, to eliminate vectors of spermatia in crossing experiments.
Plants free of insects were inoculated with teliospores of selected isolates 4-6 week after transplanting and placed into an insect-exclusion cage during incubation, i.e., prior to development of fungal structures. Protocol for inoculation with teliospores has been described (Bruckart et al. 2010) . Both spermagonia and aecium-like pustules (ALP) developed following foliar inoculations by teliospores (Bruckart et al. 2010) . Locations of spermagonia that developed were recorded on hand-drawn maps of leaves. Counts were made of spermagonia and aecia, and data on the number of sori per leaf for each isolate were used in comparisons. Statistical analysis was made using PROC GLM, least squares means, and calculated probabilities, as described, in SAS.
For crosses, spermatia from a single spermagonium were suspended in sterile distilled water, and a 1 µL drop of suspension was applied to as many available spermatia as possible (Bruckart et al. 2010 ). The isolate that was the donor source of spermatia in each cross was classified as the male component. Six isolates, representative of both USA and Eurasian accessions, were involved in attempted reciprocal crossings in this study. Use of spermatia from a single spermagonium provided opportunity to evaluate efficiency or success rate by direction of the cross. Record was made of attempted crosses, and aecia that developed were noted on hand-drawn leaf maps and counted as evidence of a successful cross. The proportion of successful crosses was calculated for each isolate, and data were transformed into logits, i.e., y = ln(p / 1 -p), where y is the natural log of the probability of a successful cross and p is the proportion of successful crosses in each replicate. The transformed data were analyzed using Proc LOGISTIC in SAS and c 2 tests for significance of individual events and contrasts.
DNA extraction and sequencing
Methods for DNA extraction and polymerase chain reactions (PCR) follow those described by Aime (2006) . Approximately 1400 bp from the region of ribosomal repeat spanning the 5.8S subunit, the internal transcribed spacer region 2 (ITS-2), and the large subunit (28S), was amplified and sequenced with rust-specific primer Rust2inv (Aime 2006) and LR6 (Vilgalys and Hester 1990) as described in Aime (2006) . Sequence data have been submitted to GenBank (Table 1) .
Automated DNA sequencing chromatograms were assembled and edited in Sequencher version 4.1.4 (Gene Codes Corp., Ann Arbor, Mich., USA). Newly generated sequences were confirmed by BlastN analysis (http://www.ncbi.nlm.nih. gov/), and a data set of previously published (Aime 2006) and newly generated sequences was assembled from closely related Puccinia species from the Asteraceae ( Table 1) . Sequences were aligned in MAFFT version 6.5 using Q-INS-I, which accounts for secondary structure of RNA (Katoh and Toh 2008) , and assessed visually in Se-Al v2.0a11 (Andrew Rambaut, Dept. Zoology, University of Oxford, UK; http:// evolve.zoo.ox.ac.uk/). Maximum likelihood (ML) analyses were conducted in RAxML-HPC2 version 7.2.7 (Stamatakis 2006) via the CIPRES portal (Miller et al. 2011 ) using default parameters adjusting for 1000 bootstrapping replicates. Maximum parsimony (MP) analyses were conducted in Paup* version 4.0b10 (Swofford 2002) as heuristic searches with 1000 random addition replicates and TBR branch swapping. Support for branches was evaluated by bootstrap analysis derived from 1000 MP replicates with 10 random addition replicates each.
Results
Teliospores from the USA, generated on the same plant accession and in the same greenhouse environment as the Eurasian samples, were significantly shorter but wider than those from Eurasia (Table 2) . Teliospores of USA accessions were shorter by a mean of 2.5 mm, i.e., 37.3 mm for six USA isolates, versus 39.9 mm for two Turkish isolates (01-595 and 02-048), 39.7 mm for the isolate from Southern Russia (05-085), and 39.3 mm for the isolate from . Although shorter, teliospores of USA isolates were also slightly, and significantly, wider by a mean of 0.3 mm in diameter and 0.5 mm at the waist (Table 2 ). There was a significant correlation of -0.236 (P < 0.01) between teliospore length and width for the data set. Urediniospores from the USA and Eurasia also differed in dimension. Those from Eurasia were significantly larger by 0.8 µm for both width and length (Table 2) .
Amount of disease, or aggressiveness, as measured by the number of sori per leaf that developed after inoculation by teliospores, was considerable in this study, i.e., nearly 10 sori (>4.5 spermatia and >5.0 ALP) per leaf (Table 3) . The difference in disease caused by Eurasian and USA isolates was not statistically significant on this basis, whether for the number of spermatia or the number of ALP (Table 3) . Neither was there any difference in symptomatology associated with inoculations by isolates of either group.
Successful mating occurred for every combination of isolates tested (Table 4) , including selfs and reciprocal crosses Note: Details about each isolate can be found in Bruckart et al. 2010 .
*An additional sequence of the entire transcribed spacer region for this isolate has been deposited in GenBank as HQ700340.
between USA and Eurasian isolates. The mean rate of successful crosses was 30.4% (±4.5; CI, P = 0.05). Analysis of crossing data indicated possible differences by individual isolate in suitability as a parent (Table 5 ), but there were no clear effects associated with isolate and the direction of crosses (data not shown). The near-zero logit value for the "exotic vs. domestic" contrast (Table 5) suggests that, in general, USA and Eurasian isolates tested in this study are equivalent in terms of parental efficiency.
Comparison of P. acroptili DNA sequences, i.e., the 5.8S subunit, ITS-2, and the 28S large subunit, resulted in clear separation of P. acroptili from species from related host plants in the tribe Cardueae (Asteraceae), represented by Puccinia carduorum and Puccinia carthami ( Fig. 1 ; MP tree length 26, CI = 0.962, RI = 0.963). Within P. acroptili were two subclades of isolates (Fig. 1) . The Russian and Turkish isolates, constituting one of these, were nearly identical, i.e., there were no sequence differences detected among them. A second, more variable subclade included all the USA isolates and the isolate from Kazakhstan. Within the USA/Kazakhstan subclade there exist two single nucleotide polymorphisms (SNPs) and one indel that are not fixed. Between the two P. acroptili subclades, there exist two SNPs in the ITS-2 region, two SNPs within the LSU, and one 4-bp insert, also in the ITS-2 region; all appear fixed. The two subclades were not strongly supported by bootstrapping value in MP analyses, nor was reciprocal monophyly of the subclades supported by ML analyses.
Discussion
Rhaponticum rust is in the Puccinia centaureae -laschii lineage, a "complex that embraces most of the brachycyclic rusts on Cardueae" (Savile 1970a ). These fungi are autoecious, in that they complete their life cycle (all five stages) on a single host (Bruckart et al. 2010) , and they are distin- guished by aecia that are morphologically similar to the uredinia (Kirk et al. 2001) . Although P. acroptili is morphologically very similar to rust fungi from species of Carduus, Carthamus, Centaurea, and Cirsium (Savile 1970a (Savile , 1970b , evidence has been published that it is distinct from these other rust fungi on the basis of morphology (Savile 1970b ), host range (Mortensen et al. 1991) , and polypeptides (Kim and Mortensen 1986) . Analysis of DNA sequence data in the present study supports this. However, differences in teliospore size were noted within P. acroptili (Savile 1970b) , and data from this study confirm this. Savile (1970b) observed in his description that, "… teliospores of the Turkish specimen have larger maximum lengths and widths than that from California". Although Eurasian teliospores were longer in the present study, as Savile observed, they were also significantly more narrow, both in diameter and diameter at the waist. These differences are in contrast with Savile's observation.
Savile indicated also that urediniospore dimensions of the three specimens, "agree(d) closely". Results from this study differed from Savile's findings in that urediniospores of USA isolates were smaller, both in width and length, compared with those from Eurasia. There is a clear difference between USA and Eurasian isolates based upon spore dimension, as Savile (1970b) reported, although with more samples and tests run under artificial, uniform greenhouse conditions, some results from the present study did not fully support observations in the earlier report.
Although differences in spore dimensions between Eurasian and USA isolates were clear and consistent, they were also within expected limits reported for the species (Bruckart et al. 2006; Cummins 1978; Dugan and Carris 1992; Mortensen and Molloy 1989; Palm and Vesper 1991; Savile 1970b; Sydow and Sydow 1904; Wei and Wang 1986) . Considering that there was a negative correlation between teliospore width and length, it is conceivable that teliospores from the various isolates could actually be the same volume, a metric not possible to measure in this study.
The ability to achieve artificial infections from teliospore inoculations and to make artificial crosses with P. acroptili (Bruckart et al. 2010 ) enabled the study of isolate aggressiveness and fecundity, including reciprocal crosses between USA and Eurasian accessions. Results of self-crosses have been described (Bruckart et al. 2010 ). Biological and taxonomic similarities between Eurasian and USA isolates were substantiated by success with crosses between isolates from each group. The rate of success for crosses between USA and Eurasian isolates was not different than rates observed either for selfs or for reciprocal crosses between isolates from the same geographic source; all were compatible with the others.
Evidence from comparisons of DNA sequences, particularly considering high values for ML and MP, is that P. acroptili is a distinct species, clearly separated from closely related rusts of plant species in the same tribe as Rhaponticum. Within P. acroptili, even considering the limited number of isolates and limited sequence size in the analysis, there were two distinct groups. One included the Russian and Turkish isolates that were collected from relatively close geographical locations; they were identical in this molecular analysis. The other group included the isolate from Kazakhstan and all the USA isolates, and minor variations were found, not just when compared with the other group, but also from within. The isolate from Kazakhstan was collected >2500 km to the east of the other Eurasian isolates, and although it had a molecular profile that was distinct and much more similar to that of the USA isolates, teliospores were similar in size to those from the other Eurasian isolates.
Despite differences reported in his description of P. acroptili, Savile (1970b) did not suggest that these isolates were different species. Neither do results from this study, even though some variation both in morphology and sequence was found. Therefore, we conclude that USA and Eurasian accessions can be considered a single species, i.e., P. acroptili. There are implications in terms of P. acroptili for biological control of Russian knapweed because of these findings. Most importantly, the isolates did not differ in aggressiveness; they caused the same amount of disease on the collection of Russian knapweed used in this study. For this reason, additional collecting for candidate biological control isolates is not justified for this organism. The importance of variation between isolates as candidates for biological control would only become evident from tests involving additional accessions of R. repens, the target plant, and only if differential responses occur among isolates on new host accessions. Such was not the focus of this investigation, and there has been Ratio of success to attempts for each isolate as a parent.
||
Contrasts are the left, or first, element in the statement minus the latter, i.e., the estimate refers to the entry at the left side of the contrast in the comparison.
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